. This was further supported by the observation that all 11 proteins contained domains with an unusually high glutamine and asparagine (QN) content. Such QN-rich domains are found in all known yeast prions as part of the 'prion domain' required for prion formation and propagation 3, 4 . Here we show that one of these proteins, Cyc8, can indeed form a prion.
Mutations in CYC8 cause slow growth, defects in sporulation and mating, high iso-2-cytochrome c, flocculation, and invertase derepression 6, 9, 10 . Because inactivation of Cyc8 either by mutation or prion formation should be manifested as a loss-of-function phenotype 2 , we used the cyc8 mutant phenotype of increased levels of iso-2-cytochrome c (ref. 9 ) to select initially for the prion. Yeast needs cytochrome c to grow on the nonfermentable carbon source lactate 9 . Because 95% of a cell's cytochrome c (iso-1) is encoded by CYC1, cyc1 mutants cannot grow if lactate is the only carbon source. However, a cyc1 mutant can grow on lactate if the level of iso-2-cytochrome c, encoded by CYC7, is increased by inactivating the Cyc8-Tup1 repressor complex that represses the synthesis of iso-2-cytochrome c (refs 7, 9; Fig. 1a) . Thus, to screen for cells propagating a Cyc8 prion, we selected for cyc1∆ yeast cells that grew well on lactate.
The appearance of a prion de novo is generally a rare event, but the transient overproduction of the protein's prion domain greatly enhances its chance of misfolding into a prion 2, 3 . Thus, we overexpressed the C-domain of Cyc8 (residues 465-966), which is not essential for Cyc8 function and contains a highly Q-rich segment (52% of residues 491-668 are Q) 11, 12 . This domain organization is reminiscent of the known yeast prion proteins, in which the functional and QN-rich prion domains are separate and distinct 3 . Although lactate + (Lac + ) colonies appeared spontaneously in a cyc1∆ haploid strain, presumably as a result of recessive spontaneous Lac + mutations such as cyc8 mutations 9 , we found that overproduction of Cyc8 (465-966) enhanced the appearance of Lac + derivatives more than 100-fold (data not shown). When the screen was repeated in a cyc1∆/cyc1∆ diploid, Lac + derivatives appeared at a frequency of (1.7 ± 0.4) × 10 −5 (n = 3), whereas virtually no Lac + derivatives were seen in control plates without Cyc8 overexpression (Fig. 1b) (Fig. 2b) . This observed lack of restoration of Cyc8 function in [OCT + ] cells is consistent with the expected inactivation of the plasmid-encoded Cyc8 by sequestration into prion aggregates. In controls, the same plasmid restored function to a cyc8 deletion (Fig. 2b) . In contrast, when [OCT + ] cells were transformed with a plasmid expressing the amino-terminal functional fragment (residues 1-453) of Cyc8 (ref. 12) lacking the QN-rich carboxy-terminal region, Cyc8 function was successfully restored, as revealed by the invertase assay (Fig. 2b) . These data are consistent with the QN-rich region of Cyc8 being its prion-determining domain, which predicts that a Cyc8 3, 14 . Indeed, the [OCT + ] cells lost their ability to utilize lactate and ferment sucrose after growth on GuHCl but not when grown for a similar number of generations without GuHCl (Fig. 3a) Supplementary Information, Fig. S1 ).
We also blocked the activity of Hsp104 ] recipient containing the kar1-∆15 mutation, which inhibits karyogamy 15 but permits cell fusion and cytoplasmic mixing. Cells that budded off from these heterokaryons and contained only the recipient haploid nucleus (that is, cytoductants) were selected and However, when a Cyc8-YFP (yellow fluorescent protein) fusion protein 16 was overexpressed at a modest level from a copper-inducible plasmid pCUP-CYC8YFP (a gift from S. Lindquist), in addition to the (Fig. 4b) .
Because the Cyc8 protein represses the transcription of numerous yeast genes 6, 7 , its inactivation by prion formation is expected to derepress these genes. Indeed, lacZ fusions showed that expression of two Cyc8-regulated genes, CYC7 and ANB1, is derepressed in [OCT + ] cells (Fig. 5a) (Fig. 5b) . 21, 22 . Thus, prionization of Cyc8 and Swi1 may provide an additional level of control over the dynamics of chromatin remodelling. Furthermore, because heterologous prions seem to cross-talk in vivo, either facilitating prionization 8 
METHOdS
Yeast culture and media. Standard yeast media were used 24 . Yeast cells were grown at 30 °C. YPD is a complex glucose-rich medium (1% (w/v) yeast extract, 2% (w/v) peptone, 2% (w/v) dextrose) 24 . Synthetic glucose−Ura, glucose−Leu, and so on, are synthetic complete glucose medium that respectively lack uracil, leucine, and so on. Lactate−Ura is a synthetic lactate medium 9 lacking uracil. Expression of plasmid pGAL-HSP104KT was induced on synthetic complete medium containing 2% galactose and 1% raffinose but lacking glucose and uracil. Because Chemicals. 5-Fluoroorotic acid was from Toronto Research Chemicals. Galactose, sucrose, raffinose, sorbitol, GuHCl, 4´,6-diamidino-2-phenylindole (DAPI) and 2,3,5-triphenyltetrazolium chloride (TPC) were from Sigma Chemicals. X-Gal (5-bromo-4-chloro-3-indolyl-β-d-galactopyranoside) was from DD Diagnostic Chemicals Limited. ]. For the lactate assay, about 2,000 cells in 10 µl of water were spotted on synthetic lactate and control synthetic glucose plates. Growth on lactate was examined after 7 days at 30 °C.
Strains and plasmids. L-2729,
For the flocculation assay, flocculation was assayed as described previously 27 , with minor modifications. Yeast cells were grown to exponential phase and washed with 2 mM EDTA in 10 mM Tris-HCl pH 8.0 and then resuspended in the same buffer to a D 600 of 1. Next, 100 mM CaCl 2 was added to a final concentration of 10 mM and the cell suspension was agitated to promote cell aggregation and then observed under a light microscope for cell clumping.
For the invertase assay, invertase was assayed after glucose repression as described previously 28 , with minor modifications. Cells grown in YPD medium were washed twice to remove any traces of glucose, and then resuspended in water to normalized cell concentrations. A 10 µl aliquot from each was spotted on Whatman No. 3 filter paper that had been presoaked in 5% sucrose in 10 mM sodium acetate pH 4.6. The contents of the filter paper were allowed to ferment sucrose for 10 min at 21-23 °C. Then the Petri dish containing the filter was transferred to a water bath at 50 °C, and 1 ml of 0.1% TPC dissolved in 0.5 M NaOH, which turns red when it reacts with glucose, was spread evenly on the filter. When the red colour appeared in positive controls, the filter was blotted dry to stop the reaction and photographed. Strains being compared were always assayed simultaneously and with controls. The darkness of the red colour reflects the level of invertase secreted from the cells assayed.
Cytoduction. L-2729[OCT + ] or L-2729[oct-] were donors, and L-2814 [oct
, which contains the kar1-∆15 mutation 15 , was the recipient. After mating, cells were spread on synthetic glucose−His medium to select for single colonies and transferred to glycerol medium to score for non-petite colonies. A non-petite His + colony could either be a cytoductant or a triploid. These were differentiated by the ability of the MATα cytoductant, but not the triploid, to mate with a MATa tester. Although [OCT + ] inhibited the ability of the MATα cytoductants to mate efficiently, they still mated more efficiently than the triploids. Cytoductants scored by this mating method were all verified to be cytoductants by genomic PCR amplification of the KAR1 allele(s) using the primers 5´-CGGCGAATGTAACTTCTCCAAAAGATGGGAATCAC-3´ (forward) and 5´-CGGCGTGCGGTGGAAATACAAATTGTCCATAAGAAAT-3´ (reverse). A true cytoductant showed a unique PCR product of about 1.02 kilobases (kb), corresponding to the kar1-∆15 allele. A triploid showed two products of about 1.27 and about 1.02 kb, corresponding respectively to the wild-type KAR1 and kar1-∆15 alleles. Cytoductants were then assayed for growth on synthetic lactate and for invertase activity to assess the inheritance of [OCT + ]. ] by a spot test on synthetic lactate plates. As a control, the inability of the plasmid to transform cell lysates in the absence of recipient cells was confirmed. ANB1, 5´-GTCACGCCAAGGTCCATTTGGTTA-3´ (for ward) and 5´-AGCT TGCATGCTGTCACCCAAT TC-3´ (reverse); CYC7, 5´-AGTACGGGATTCAAACCAGGCTCT-3´ (forward) and 5´-TGGGTTCGTCAAGTACTCGGACA-3´ (reverse); FLO1, 5´-ACTGCTTCACCTGCCATTGTTTCG-3´ (forward) and 5´-TGTTGTCTCACCGGTAGCACTGTT-3´ (reverse); RNR3, 5´-CGCAAAGAGCCCGTTCAATTCGAT-3´
(for ward) and 5´-ATCAGGGTGCACAGTGGTCATGTA-3´ (reverse); SUC2, 5´-TGGGCTTCAAACTGGGAGTACAGT-3´
(for ward) and 5´-AAACGAGACCAGGGACCAGCATTA-3´ (reverse). Real-time PCR was performed on a DNA Engine2 (Opticon) qPCR machine and data were analysed with the software provided. The PCR mixture (50 µl total) contained 25 µl of 2 × SyberGreen PCR mastermix (Invitrogen), 5 µl of cDNA, 5 µl of 4 µM forward primer, 5 µl of 4 µM reverse primer and 10 µl of diethyl pyrocarbonate-treated water. The protocol for PCR consisted of one denaturation at 95 °C for 10 min followed by 40 cycles of denaturation at 95 °C for 15 
Figure S1
Liebman, S.W., unpublished results). pMR1593 is YIp5 based URA3 kar1-Δ15 (kind gift of M.D. Rose) 34 .
DNA Manipulations
Standard protocols for DNA manipulations were used 37 .
